The Earth's most severe glaciations are thought to have occurred about 600 million years ago, in the late Neoproterozoic era 1, 2 . A puzzling feature of glacial deposits from this interval is that they are overlain by 1-5-m-thick 'cap carbonates' (particulate deepwater marine carbonate rocks) associated with a prominent negative carbon isotope excursion [3] [4] [5] [6] [7] [8] . Cap carbonates have been controversially ascribed to the aftermath of almost complete shutdown of the ocean ecosystems for millions of years during such ice ages-the 'snowball Earth' hypothesis 4, 5 . Conversely, it has also been suggested that these carbonate rocks were the result of destabilization of methane hydrates during deglaciation and concomitant flooding of continental shelves and interior basins 3 . The most compelling criticism of the latter 'methane hydrate' hypothesis has been the apparent lack of extreme isotopic variation in cap carbonates inferred locally to be associated with methane seeps. Here we report carbon isotopic and petrographic data from a Neoproterozoic postglacial cap carbonate in south China that provide direct evidence for methane-influenced processes during deglaciation. This evidence lends strong support to the hypothesis that methane hydrate destabilization contributed to the enigmatic cap carbonate deposition and strongly negative carbon isotopic anomalies following Neoproterozoic ice ages. This explanation requires less extreme environmental disturbance than that implied by the snowball Earth hypothesis 4, 5 . Methane oxidized in sea-floor sediments is hypothesized to have provided both a source for more than 10 17 mol of excess CO 3 22 driving carbonate precipitation and a plausible explanation for the timing (,10 5 yr) and magnitude of the observed carbon isotope anomaly 3 . This hypothesis gains support from a suite of distinctive sedimentary structures that are found locally within many cap carbonates, and are known collectively only in seep environments 3, 6 . Carbonate precipitated in modern seeps and in at least some ancient seeps is typically associated with d
13 C values of less than 225‰, and in some cases as low as 250‰ (refs 9-12). Heavier d
13
C values ranging from 224‰ to þ6‰ are also common in many examples 9, 10, 12 , depending on the degree of ambient seawater involvement in carbonate precipitation, and as a result of methanogenesis during burial 13, 14 . In some cases, pervasive diagenesis results in homogenization of isotopic values, thereby obscuring the isotopic contrast between the host rock precipitated from sea water and seep-related carbonate cements. In Miocene seeps exposed near Santa Cruz, California, d
C values for most of the calcite samples analysed are between 24‰ to 210‰ (ref. 15) . Such homogenization at a scale of millimetres to centimetres is expected for cap carbonates, most of which are now composed of dolomite. The absence of evidence for extreme isotopic variation in any cap carbonate, for which there is now a substantial global data set [3] [4] [5] [6] [7] [8] 16 , has nevertheless been viewed as a serious shortcoming. and overlying deposits are preferentially dolomitized in inferred deeper-water sections (Fig. 4) .
To determine the degree to which diagenesis has obscured distinctive isotopic signals imparted by methane-related processes, we conducted a detailed isotopic and petrographic study of seeplike features in the cap carbonate that overlies the glaciogenic Nantuo Formation in the Yangtze platform of south China (Fig. 1a) . Although this cap carbonate is in many respects typical of such carbonates globally, it is notable for its unusually low thermal maturity, degree of textural preservation, localized retention of calcite mineralogy, and abundance of well-exposed sections in a platform to basin transect. The Nantuo Formation is the younger of two Neoproterozoic glacial diamictite units preserved within a rift to passive margin succession (Fig. 1a) , and is inferred to have an age greater than ,600 Myr (refs 17, 18) . It underlies shale and limestone of the Doushantuo Formation, in which some of the earliest animal fossils have been identified 18 . Located at the base of the Doushantuo, the 3-5-m-thick cap carbonate contains three lithologically distinguishable but laterally variable limestone and dolomite units (Fig. 1b) : a basal layer, 1.0-1.9 m thick, which is strongly disrupted and cemented (C1), a middle, laminated layer, less than 1 m thick, with local 'tepee-like' structures (C2), and an upper layer, 1.5-2 m thick, composed of thinly laminated silty limestone and dolomite (C3). Irregular cavities formed by subhorizontal extension of micritic crusts, and filled with multiple generations of fringing (commonly botryoidal) cements, resemble features referred to as stromatactis in some ancient methane-seep deposits 10, 12 . Structures described here as tepee-like are of positive relief and from 1-3 m wide and ,1 m high, composed of laminated micrite and dolomicrite with layer-parallel sheet cracks, and cored by broken and brecciated host carbonate. Voids in these structures are lined by fringing botryoidal and clotted cements with pyrite framboids (Fig. 2) , including radiating blade-shaped crystals of barite (,5 mm; mostly replaced by calcite), and they are filled at least partially by internal sediments. We infer on this basis that the structures are syn-sedimentary, and that the voids remained open to the sea floor during development.
Isotopic analysis of limestone peloids, clots and fringing cements within and above the tepee-like structures where they are best preserved (location 3 in Fig. 1 ) reveals highly variable d
13 C values, ranging from þ5‰ to 241‰ (Fig. 3) . These data represent, to our knowledge, the first direct geochemical support for deposition in the vicinity of a methane seep. Carbon isotopic values as low as 241‰ in carbonate carbon are known only from carbonate precipitation associated with the oxidation of methane, the carbon isotopic composition of which is the lightest known in nature 11 . The documented variability of carbon isotopic values is characteristic of seep facies [9] [10] [11] [12] . The strong inverse correlation with Fig. 3 13, 14 or with the decomposition of gas hydrates during burial diagenesis 10, 13, 14 . Methane would have been partially metabolized by bacterial sulphate reduction to produce monosulphides and alkalinity 19 , a process that is consistent with the presence of framboidal pyrite in cements (Fig. 2a and c) . The presence of barite reinforces similarities with other cap carbonate deposits 3, 5 and modern seeps 20 , and has been linked to massive dissociation of methane hydrates at the Late Palaeocene Thermal Maximum (LPTM) 21 . While this cap carbonate provides clear if local evidence for methane seeps, it also opens a window into the modification of the isotopic signature of cap carbonates through diagenesis. Carbon and oxygen isotope values from interval C2 in Fig. 3 fall on (Fig. 4) display none of the extreme isotopic variability seen in Fig. 3 , even though the same distinct fringing botryoidal, pyrite-bearing cements and tepee-like structures are present also in those sections. The 1-3‰ variation in d 13 C between sections and covariance between d 13 C and Fig. 4a ), and variability of up to 3-5‰ between matrix and cements at millimetre (Fig. 2c and d) and centimetre scales (Figs 3 and 4) suggest substantial diagenetic modification of the isotopic signature for the majority of samples, possibly through dolomitization. This raises questions about the retention of primary isotopic values of dolomitized cap carbonates.
Our data indicate a spatial association between methane-seep sedimentary features and the unusually large global isotopic excursion (24‰ to 27‰ shift in d 13 C) 3, 5, 7, 8 . These seep-like facies are preserved only locally within cap carbonates, consistent with either isolated sources or discrete pathways for methane. However, such facies are also widespread and, in all of the examples known to us, the distinctive structures and textures are localized stratigraphically within the lower portion of the cap carbonate. This precludes the interpretation of these seeps as surface expressions of long-lived hydrocarbon systems. In the light of our new data, the most plausible explanation for the broad but stratigraphically restricted distribution of interpreted methane seeps and the carbon isotopic signature of cap carbonates in general is that they both relate to the postglacial destabilization of gas hydrates.
Mass-balance considerations 22 for a 24‰ to 27‰ d 13 C excursion imply the addition of 4.0 £ 10 18 g to 7.4 £ 10 18 g of 13 C-depleted CH 4 to the exchangeable carbon reservoir. This is equivalent to between ,28% and ,53% of the estimated modern gas-hydrate pool. Given estimates of changes in that pool of 14% for the LPTM 22,23 and 14-24% for the Jurassic Oceanic Anoxic Event 24 , late Neoproterozoic cap carbonates are inferred to represent the largest hydrate-dissociation event in Earth's history.
An unresolved issue concerns the relative roles of two discrete components of the gas-hydrate inventory 3 . Although two orders of magnitude smaller than the marine hydrate pool today 25 , the terrestrial permafrost pool would have been substantially larger during times of extreme Neoproterozoic glaciation, and less sensitive than marine hydrates to the trade-off between increasing temperature and rising pressure (water depth), which may stabilize marine hydrates during times of postglacial sea-level rise. However, inferred seep-related structures and textures are present in the cap carbonate of south China as far south as Huaihua (location 11 in Fig. 1a) , where facies and a greatly expanded thickness of underlying glaciogenic diamictite (.500 m) suggest accumulation in a marine basin that was never subaerially exposed. Similar features are also observed in slope facies of the Congo craton in Namibia 3, 26 . This raises the possibility that postglacial warming was sufficiently great even in the deep ocean to destabilize the entire gas-hydrate inventory. If methane hydrates play a role in the global carbon cycle letters to nature and climate change, as increasingly appears to be the case, Neoproterozoic geology offers a unique opportunity for investigating their influence, along with an important new aspect of the physical context in which metazoans first appear in the fossil record.
A
Methods
Petrographic microscopy, cathodoluminescence (CL), and scanning electron microscopy (SEM) were used for petrographic characterization. Powders (0.5-5 mg) were obtained from polished slabs using 0.5-1.2-mm-diameter microdrills after petrographic study. Sample powders were reacted with 100‰ phosphoric acid at 50 8C for 2 h. letters to nature
